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Background and purpose -There has been a recent trend towards the use of greater femoral head sizes in an attempt to improve function and enhance stability after primary hip replacement. This has been associated with the use of alternative bearings, theoretically to reduce wear and improve implant longevity.
Methods -We examined the influence of these variables on patient-reported outcome measures (PROMs) for a consecutive series of primary hip replacements using National Joint Registry (NJR) and PROMs-linked data. To minimize the confounding influence of implant design factors, the single most commonly used brand in England and Wales (DePuy Corail Pinnacle) was examined. Improvement in patient hip-specific outcomes (Oxford hip score, OHS), general health outcomes (Euroqol, EQ-5D), and rates of self-reported complications (bleeding, wound problems, readmission, and reoperation) were compared for different head sizes (28-mm, 32-mm, and 36-mm) and bearings (metal-on-polyethylene (MoP), ceramic-on-polyethylene (CoP), and ceramic-on-ceramic (CoC)), adjusting for differences in case mix.
Results -At a mean follow-up of 7 months, improvements in OHS and EQ5D index were similar for 28-mm and 36-mm heads. A 32-mm head was associated with poorer function (OHS: 20, 99% CI: 19-21, p = 0.002; EQ5D index: 0.39, 99% CI: 0.36-0.42, p = 0.004), although these small differences may not be of clinical importance. There were no statistically significant benefits of either CoP or CoC bearings compared to a MoP bearing. Complication rates were similar within comparisons of head sizes or bearings.
Interpretation -In this short-term study, we did not find any functional benefits of larger head sizes or alternative bearings, after adjusting for other influences. We question their use in routine primary hip replacement given the lack of evidence of improved long-term survival in the literature.  Greater femoral head size may improve function and enhance stability after primary total hip replacement (THR) (Bartz et al. 2000 , Cuckler et al. 2004 , Hummel et al. 2009 ). Previous studies have shown a greater range of movement with increasing head size (Amstutz et al. 1975 , Matsushita et al. 2009 ). Use of a larger head size is an attractive option in younger patients who require stability at higher levels of function, and in older patients in order to reduce dislocation risk. However, greater surface area may also increase wear rates, irrespective of bearing materials (Charnley et al. 1969 , Dowling et al. 1978 , Livermore et al. 1990 , Bragdon et al. 2013 , Jack et al. 2013 , and there have been reports of excessive taper load with large-diameter bearings (Langton et al. 2012 , Meyer et al. 2012 ). Larger heads have been associated with the use of alternative bearings, in order to reduce wear and improve implant longevity. The National Joint Registry (NJR) in England and Wales has described an increase in the use of larger femoral head sizes (over 28 mm)-from 5% to 50% between 2005 and 2010 (England and Wales National Joint Registry 2012). Over the same period, the use of ceramic-on-polyethylene (CoP) and ceramic-on-ceramic (CoC) bearings has increased.
Medium-term revision rates are higher with CoC bearings than with metal-on-polyethylene (MoP) bearings generally, across registry data, and specifically, when the most commonly used implant in England and Wales (Corail stem/Pinnacle cup; DePuy Ltd., Leeds, UK) was analyzed (Sexton et al. 2009 , Jameson et al. 2013 . Larger femoral sizes using hard-bearing technology did not give any functional improvement over 28-mm MoP (Hanna et al. 2012 ) in a small randomized trial, and larger head sizes have not been found to offer any gait-related benefits (Zagra et al. 2013) . The functional benefits of increasing head size and alternative bearings have yet to fully assessed.
with the corresponding demographic and operative details held in the NJR. To link them, a number of criteria were used: firstly, to ensure correct matching, 2 unique identifiers (NJR and procedure numbers) recorded in both datasets were used; secondly, the operation date recorded by the patient in the PROMs data had to be within ± 30 days of the operation date recorded on the NJR record, to ensure that the patient was scoring the same procedure.
We chose to perform the analysis using the single most commonly used brand of THR used in England and Wales (Corail stem/Pinnacle cup; DePuy Ltd., Leeds, UK), in order to control for any implant-related influences (England and Wales National Joint Registry 2012) .
There were a number of exclusion criteria. For the NJR data, these were: all procedures with an indication other than OA, procedures with missing implant or patient data, head sizes smaller than 28 mm and larger than 36 mm, and rarely used bearings (ceramic-on-metal and metal-on-ceramic). Metal-on-metal bearings were also excluded, as few of these are now implanted (England and Wales National Joint Registry 2012) . Procedures with PROMs data that were missing, undated, dated more than 12 months prior to or following the operation, or that had non-identical duplicates were excluded; for identical duplicates, the first record was retained for analysis. Where the presence of a co-morbidity or complication was asked for in the questionnaire but left blank by the patient, it was assumed to be absent. The study population is summarized in Figure 1 . The PROMs project was introduced in April 2008. Linkage of NJR data to PROMs was possible between this date and December 2010 (the limit of our access to NJR data). Details regarding the delivery and return of PROMs questionnaires were not available for this study. The demographic, surgical, and implant-related variables available for analysis are listed in Table 1 (see Supplementary data).
The national PROMs project uses validated measures of hip-specific outcomes (Oxford hip score (OHS)) (Dawson et al. 1996) and general health outcomes (EuroQol (EQ-5D)) (EuroQol group 2009). For this analysis, the outcomes of interest were improvements between preoperative and postoperative scores (the "change scores") and self-reported postoperative complications (bleeding, wound problems, re-admission, and reoperation). Change scores, being approximately normally distributed, are analytically preferable to postoperative scores (Browne et al. 2007 ). The OHS (score 0-48) has . Flow chart describing the study cohort. MoP -metal-on-polyethylene, CoPceramic-on-polyethylene, CoC -ceramic-on-ceramic. a Invalid PROMs data includes records with missing outcome score rccords, preoperative scores dated more than 12 months prior to operation, postoperative records without a date or dated < 6 months or > 12 months following the primary hip replacement, non-identical duplicates (all excluded) and identical duplicates (only one record retained).
Patient-reported outcome measures (PROMs) supplement revision risk in the assessment of success after joint replacement (Devlin et al. 2010) . PROMs are routinely collected on National Health Service (NHS) patients undergoing THR in England. Data on hip replacement patients, their surgeons, and the implants used are collected by the NJR. These datasets can be linked in order to compare early outcomes for specific patient and implant groups at the national level. The present analysis explored the effect of bearing surface and femoral head size on PROMs and complications following THR. We hypothesized that larger heads and alternative bearings would have no functional benefit over standard (28-mm MoP) bearings.
material and methods

Design
We conducted a cohort study using prospectively collected patient-level NJR and PROMs-linked data to compare outcome scores and self-reported complications after primary THR for different head sizes and different bearings.
Data
The national PROMs study collects joint-specific and general health scores preoperatively and around 6 months postoperatively, and selfreported complications. By linking databases at the patient level, PROMs data can be combined previously been shown to be a reliable, valid, and responsive outcome measure (Murray et al. 2007) . A threshold of 3 points has been proposed to demonstrate a clinically important difference (Murray et al. 2007 ). The EQ-5D index (score -0.59 to 1.00) is a generic measure of health used for clinical and economic appraisal. It evaluates 5 different aspects of general health (mobility, self-care, usual activities, pain/discomfort, and anxiety/depression) that are scored and combined using population weightings to produce a single index value for health status (group 2009). Patients are also asked about comorbidities, general health, and self-reported disability as part of the preoperative PROMs questionnaire. These can be used to adjust for differences in health status between patient groups. Sample sizes for all the head-size and bearing groups were in excess of the minimum numbers identified in the PROMs feasibility pilot for identification of meaningful differences (more than 150 per group) (Browne et al. 2007) .
Patients are also asked to indicate their satisfaction with the outcome following surgery (excellent, very good, good, fair, or poor), and whether they deem surgery to have been a success (much better, a little better, about the same, a little worse, or much worse). While unadjusted values have been provided for information, no attempt was made to adjust for baseline differences in either success or satisfaction, as previous analyses have demonstrated that the variables available within the NJR and PROMs databases are insufficient to explain these differences (i.e. the influence of unmeasured variables has a greater effect than the effect of the measured variables) (Browne et al. 2007 , Hamilton et al. 2013 .
Statistics
The variables available for the analyses are shown in Table 1 (see Supplementary data). The head sizes analyzed were 28 mm, 32 mm, and 36 mm. The bearings were MoP, CoP, and CoC. Differences in baseline characteristics across the groups would be a source of confounding in any comparative analysis. Thus, to test the hypothesis that there were no differences between groups, the following tests were employed: 1-way analysis of variance (ANOVA, parametric continuous data variables), the Kruskal-Wallis test (non-parametric continuous data variables), or the chi-square test (categorical data variables).
Univariable analysis was performed initially to identify variables that possibly influenced each outcome, based on statistical rejection criteria of p > 0.1; these variables were then included in the multivariable models. Analysis of covariance (ANCOVA) was used for testing of differences in OHS and EQ5D index change scores across head size and bearing groups. Multivariable logistic regression was used to analyze differences in the risk of each of the complications across groups. Time from implantation to questionnaire completion was included in models to evaluate whether differences in duration of follow-up influenced findings. Preoperative scores were included in all models, as recommended by the designers of the Oxford hip score (Murray et al. 2007 ).
Reflecting analysis of a large dataset, statistical models for the change scores were evaluated with the margins function in STATA in order to provide predicted values (including 99% confidence intervals (CIs)) separately for each of the head-size and bearing categories. p-values are provided as statistical evaluation of the differences between the reference (head size of 28 mm and MoP bearing) and other variables within the category. For complication risks, results are presented as odds ratios (ORs) with CIs: ratios greater than 1 indicate that risk is higher when compared with the reference category. Due to the statistical methods employed and the large population size, only covariates fitting models with p < 0.01 were retained in final models as significant influences, to reduce the risk of type-1 error. All models were fitted using STATA 12.
For more information on the statistical techniques used, see Supplementary data.
Ethics
Explicit patient consent was taken for both the NJR and PROMs data collection. Further ethics approval is not required for registry studies in the UK.
results
There were 4,596 NJR-PROMs linked primary procedures. MoP accounted for 47% (2,171), CoC for 45% (2,064), and CoP for 7.9% (361). A standard (28-mm) head size was used in 41% of procedures (1,864), the 36-mm in 41% (1,863), and the 32-mm in 19% (869). When the demographics were compared across bearing groups, patients with a CoC bearing were generally younger and in better health, but there were comparable numbers of women in each group and mean BMI was similar. Patients who had a larger head size implanted were generally younger and in better health (Table 2) . Patients fitted with a 32-mm head generally had a higher ASA grade and higher BMI, and poorer general health. Although there were statistically significant differences between categories of bearing and head size for each of the surgical covariates as a result of the large study population, the groups were qualitatively similar and therefore broadly comparable (Tables 2 and 3 ).
In the unadjusted PROMs data, patients with a CoC bearing and a larger head size generally had higher preoperative and postoperative OHS and EQ5D indices. Patient-reported levels of satisfaction and success were similar across the bearing groups and the 28-mm and 36-mm head size groups, although the 32-mm head size group had poorer scores (Tables 4 and 5) .
Improvement in outcome score
Improvements in OHS and EQ5D index were similar for MoP, CoP, and CoC bearings ( Table 6 , see Supplementary data).
Improvements in OHS and EQ5D index were similar for a 28-mm and a 36-mm head. Although the difference was small, the 32-mm head was associated with a poorer outcome (OHS: 20, 99% CI: 19-21, p = 0.002; EQ5D index: 0.39, 99% CI: 0.36-0.42, p = 0.004) ( Table 7 , see Supplementary data).
Risk of complications
There were no statistically significant differences in risk of bleeding, wound complications, re-admission, or reoperation after case-mix adjustment when the bearing groups were compared ( Risk of wound complications was higher in the 36-mm group (OR = 1.7, 99% CI: 1.1-2.6, p = 0.002). Re-admission and reoperation risks were similar when the different head sizes were compared (Table 9 , see Supplementary data).
Discussion
This large cohort study using NJR-PROMs linked data from a single hip system showed no functional benefit when femoral head sizes greater than 28 mm and bearings other than MoP were used for primary THR. These findings are important for clinicians attempting to determine the most suitable hip implants for patients with osteoarthritis. While this is the largest study to date to report the effects of head size and bearing type on functional outcome for a single hip replacement brand, there are some potential limitations to our findings. The study design was observational and thus vulnerable to omitted variables, which may have confounded the findings. Some data were unavailable for analysis; for example, radiological data on cup positioning. There were also large numbers of procedures that could not be analyzed, either because the datasets could not be linked (for example, due to missing patient identification details) or because there were specific data fields with incomplete data. Moreover, any bias in completion and return of PROMs cannot be assessed, as no details were available regarding the number of questionnaires sent out or returned. Non-responders are more likely to be younger patients (and therefore more likely to have larger head sizes and alternative bearings). However, previous PROMs analyses have demonstrated that non-responders generally perform more poorly (Ostendorf et al. 2004) . Irrespective of these issues, similarities between the unadjusted and adjusted models and robustness under different model fitting assumptions support the stability of estimates.
By restricting the implants to the most commonly used brand only, we were able to remove the problems associated with adjusting for multiple brands (differing implant design characteristics and bearing surface manufacturing processes). The Corail Pinnacle constitutes 14% of all hip implants used in England and Wales since 2003. Cementless components now predominate, and around 40% of those implanted in 2011 were Corail Pinnacle (England-and-Wales-National-Joint-Registry 2012) . [Ann-Britt: v.v. ta bort bindestrecken] This implant combination also offers a wide range of bearing options and head sizes, making it a good choice for analysis, and sample sizes of each of the comparison groups were in excess of the minimum numbers required to identify meaningful differences (Browne et al. 2007 ). False-negative results are therefore unlikely, especially as OHS and EQ5D indices for each of the groups were qualitatively similar, irrespective of confidence intervals.
As with all NJR-PROMs studies, the design of the study was constrained by the data available. In particular, this limited the length of follow-up available and the measures of hip function used. Although functional outcome at 6 months can be described as early, the follow-up in this study was adequate for group comparisons. The literature shows little improvement in change in OHS between 6 months and 5 years following hip replacement, suggesting that the results in our shortterm study are a reliable indication of longer-term outcome (Andrew et al. 2008 , Judge et al. 2013 .
Greater femoral head size may reduce dislocation risk. In a randomized trial of patients undergoing metal-on-highly-crosslinked polyethylene hip replacements, Howie et al. (2012) found that a head size of 36 mm reduced the 1-year dislocation risk compared to 28 mm in 533 primary procedures-from 4.4% to 0.8%. In addition, a large cohort study of over 240,000 THRs performed in England and Wales found a reduction in 1-year dislocation risk from 1.4% to 1.1% over a period of 5 years, during which the use of large femoral head sizes increased. However, there was no change in the 12-month revision rate (Jameson et al. 2011) . Lower dislocation rates with larger femoral head sizes have also been found in Australian and Norwegian registry data (Bystrom et al. 2003 , ANJRR 2013 . Without radiographic data, dislocation risk is difficult to analyze. The 1-year risk in the study by Howie et al. (2012) is high compared to others; Stroh et al. (2013) reported dislocation with head sizes less than 36 mm of only 1.8% (10 in 559) at 5 years, which is similar to the English NHS data (taking into account that most dislocations occur in the first year after surgery) (Jameson et al. 2011) . Before larger head sizes are recommended, the incidence of late dislocation, wear, periprosthetic osteolysis, and liner fracture should also be established (Howie et al. 2012 ). Importantly, revision risk did not decrease in the English NHS data, suggesting that most early dislocations are relatively benign and do not require a revision procedure. Although dislocation data were unavailable in the current study, other outcomes were used as surrogate endpoints. The majority of dislocations following primary THR occur within the first 5 weeks after surgery (Bourne and Mehin 2004) ; therefore, patient-reported complications associated with a dislocation, such as re-admission and reoperation, should demonstrate a difference if, for example, one head size had a lower risk than another. Increasing femoral head size may also increase range of movement, but several studies have shown that it is the patient's bony anatomy that causes impingement, and therefore limits this range irrespective of head size (Bunn et al. 2012 , Klingenstein et al. 2012 . Interestingly, PROMs were poorer and bleeding risk was higher in patients implanted with a 32-mm head. This may be explained by the patient demographics, which showed a slightly greater mean BMI and relatively more patients with higher ASA grade and poorer health. In these patients, a surgeon may choose to increase head size from 28 mm in an attempt to increase stability, thereby potentially reducing a need for further revision surgery. Differences in unmeasured patient variables across groups (which cannot be controlled) may also account for this finding. However, it must be stressed that the statistically significant OHS change difference of 1.4 between 28-mm and 32-mm femoral heads is unlikely to be clinically significant.
Medium-to long-term risk of revision is lowest in MoP bearings across worldwide registries and published trials, and no functional benefit of alternative bearings has so far been found (Sedrakyan et al. 2011) . When implant survival of 35,386 Corail Pinnacle THRs was examined in the NJR cohort, hard bearings had a higher revision risk than MoP (MoM: HR = 1.9, p < 0.001; CoC: HR = 1.6, p = 0.003) (Jameson et al. 2013) . In a randomized trial of 49 patients who received either large-head MoM articulations or standard (28-to 32-mm) MoP THRs, no statistically significant benefits were found in function, dislocation, or implant failure (Hanna et al. 2012) , although the numbers are small and this could be a consequence of type-II statistical error.
Metal-on-metal bearings were not included in this study. Although a large number of Corail Pinnacle THRs have been implanted in England and Wales with these bearings, their use is now low due to high revision rates and concerns regarding the systemic effects of excessive metal wear debris.
In summary, no functional benefits of larger head sizes or alternative bearings were found in this national analysis of NJR-PROMs linked THRs, after adjusting for other influences. Given the lack of evidence in the literature of improved implant survival with these implant options, we question their use in routine primary THR.
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